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Anion photoelectron spectroscopy of B 3N~
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Vibrationally resolved negative ion photoelectron spectra®f Bat 355 and 266 nm are presented.
Two intense bands are observed with adiabatic detachment en@BiEs) of 2.923+0.008 eV and
3.063+0.008 eV and markedly different photoelectron angular distributions. Aided by electronic
structure calculations, the two bands are assigned to transitions from theXifigarstate of BN~

to the linear’II and®3 ~ electronically excited states of neutra)NB with all three states having a
B—N-B-B structure. Weak signal observed at lower electron binding energies is tentatively
assigned to two additional linear-to-linear transitions from the low-lying electronically exdiied
state of BN~ to thelS ™ and®II states of neutral N. Based on these assignments the electron
affinity of linear B-N—B—B is 2.098+0.035eV. It remains uncertain if th& " state of linear
B—N—B-B or the®A; state of cyclic BN is the overall ground state. At the highest level of theory
used here, CCSO)/aug-cc-pVTZ, the'S * state is predicted to lie 0.09 eV below tha, state.

© 1999 American Institute of Physids50021-960809)00746-1

I. INTRODUCTION bal minimum. A triangularA; state, with the N atom occu-
pying the central position, was found 0.53 eV higher in en-
Boron nitride clusters play an important role as precur-ergy than the lineat> * ground state. Planar structures with
sors in the formation of ultra-hard boron nitride films, which a B, ring and an N atom attached to the outside and linear
have received considerable attention in material science, du¢—B—B—B species were calculated to lie considerably
to the favorable properties these films exhibit for industrialhigher in energy. Harmonic frequencies were determined for
applications: However, spectroscopic studies on boron ni-most of the species. For the linedE ™ ground state har-
tride clusters remain scarce. An intriguing aspect related tenonic frequencies, infrared intensities and isotopic shifts
research on boron nitride clusters is the question of the clusvere determined up to the CC8D/TZ2P level of theory to
ter geometry and its dependence on cluster size, particularlgssist in its detection. Nonetheless, the ground state;Nf B
in light of the extensive work on carbon clusters showing thehas eluded spectroscopic characterization.
evolution from linear to cyclic to fullerene structures with Preliminary results from the first spectroscopic study on
increasing sizé-’ Clusters of the type (BN) are isoelec- the B;N"/B;N system were recently reportéd.In that
tronic with C,,,, so it is of interest to see if similar trends study, we presented vibrationally resolved anion photoelec-
occur in boron nitride clusters in which both size and stoichi-tron spectra of EN™ at 266 nm and assigned the observed
ometry (B/N ratio) can be varied. In the larger size regime features to two transitions between states ¢l Bvith a lin-
boron nitride nanostructures, both tube-fik® and ear B-N—B—Barrangement. Due to the lack of information
sphericalt!~*3can be produced. For small boron nitride clus-on the electronic structure of;®~, we were, however, un-
ters, including BN, B,N”, B,N*, BN, B,N, and able to assign the observed transitions to specific electronic
BN;, only linear structures have been experimentallystates. Here, we present the 355 and 266 nm photoelectron
observed?-2° spectra of BN™. Aided by electronic structure calculations
Since G is the smallest carbon cluster for which a cyclic using density functional and coupled cluster theory, we can
structure is predicted to be either the ground state or a lowgive a considerably more detailed assignment of these spec-
lying excited staté! tetra-atomic boron nitride clusters are tra and confirm that the photoelectron spectrum is dominated
of particular interest. In this article we present photoelectrorby linear—linear transitions. Our results reveal thgiiB and
spectra of BN~ in order to probe the spectroscopy and struc-BsN both have complex electronic structure, exhibiting low-
ture of BN and B;N~. Neither of these species has receivedlying, higher multiplicity electronic states and nearly isoen-
much attention in the literature. Becker and co-workets ergetic candidates for ground state structures g Band
have observed singly-charged ions gf\Bin the mass spec- B3N. This study represents the continuation of our efforts to
trum from laser ablation of boron nitride, where clusters ofsystematically study the electronic structure of small boron
the type B. 1N, are found to dominat& No experimental nitride clusters:>2°
spectroscopic data exist on charged or neutgN Bpecies.
Slanina, Martin, and co-workers 2’ performed the only
previous theoretical studies on the electronic structure o
neutral BN. They found various stable isomers ofN\B of The negative ion tandem time-of-flightOF) photoelec-
which the linealB—N—-B-B arrangement presented the glo- tron spectrometer used in this study has been described

%I. EXPERIMENT
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eBE=hy—eKE=EA+E(®—E(" (1)

int int

wherehv denotes the photon energy of the detachment laser,
EA the electron affinity of the neutral, ar#f>) andE{,’ the

int
internal energies of the neutral and the anion, respectively.

F At 266 nm, a small amount of background signal from pho-
H toelectrons is generated from metal surfaces inside the instru-
ment; this is subtracted from the spectra reported here. This
procedure is unnecessary at 355 nm.

This apparatus also yields the angular distribution of the
detached photoelectrons, given by

do o eKE) 1+ B(eKE)
dQ 4x 2

0.5 b (& || E

0_05 ”2’°AAM¢J"W'WWA ﬂffﬁ

1046 =190° A

(3cog9-1)|, 2)

where o,(€KE) is the total photodetachment cross-section,
B(eKE) is the asymmetry parameter-(l<p3<2), and 6
measures the angle between the direction of the ejected elec-
tron and the polarization of the incident lighté is varied by
means of a 1/4-wave plate. For each feature in the spectrum,
B is determined from
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where |- and lg9- are the photoelectron intensities at
FIG. 1. 355 nm anion photoelectron spectragat0® (top spectrumand ~ =0° andf#=90° .3 In the absence of vibronic coupling and

6=90° (bottom spectrumof B;N™ plotted against electron binding energy resonances in the photodetachment cross-secgois, not
(bottom axi$ and electron kinetic energop axi9. A selected part of the

spectra is also shown with a vertical magnification »100. Peaks are
labeled with letters. Peak positions, asymmetry parameters, and peak assign-
ments are listed in Table I.
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previously?®° Boron nitride clusters are prepared by laser 1.0_-266 nm

. . 9=0° D
ablation with the second harmoni632 nm,~30 mJ/pulsg 1
of a Nd:YAG laser tightly focussed onto a rotating and trans-
lating “hot-pressed” boron nitride disc(Carborundum
Corp). These high laser powers are required to produce
boron-rich clusters; at lower powefs-15 mJ/pulse ener-
gies, B, 1N, clusters are strongly favoréed.

The resulting plasma is entrained in a pulse of Ar carrier
gas and expanded through a clustering channel. lons formed
in the expansion are extracted perpendicularly to the expan-
sion by means of a pulsed electric field and accelerated to a
beam energy of 1.26 keV. The extracted ions enter a linear
reflectron time-of-flight mass spectrometer, where they sepa-
rate in time and space according to their mass-to-charge ra-
tios. The mass resolution iB/Am~2000. At the spatial
focus of the mass spectrometer, photoelectrons are detached 0.1
from the mass-selected ions by a fixed frequency laser pulse
from a second Nd:YAG laser. The laser firing delay is varied 1 Lw
until optimal temporal overlap is achieved with ions of de-
sired mass. The thirtB55 nm, 3.493 eV:~140 mJ/cm) and 0.0+ e
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fourth harmonics(266 nm, 4.657 eV ~70 mJ/cn) of the .
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second laser were used in this study. The instrument is op-
erated at a repetition rate of 20 Hz. The photoelectron kineti€IG. 2. 266 nm anion photoelectron spectragat0° (top spectrum and
energy(eKE) is determined by field-free time-of-flightin a 1 6=90° (bottom spectrumof B;N™ plotted against electron binding energy
m flight tube. All photoelectron spectra presented here ar%bottom axi$ and electron kinetic energftop axi9. A selected region of

) . . oth spectra is shown at a magnification %50. Peaks are labeled with
plotted as a function of the electron binding enegBE)

- letters. Peak positions, asymmetry parameters, and peak assignments are
defined as listed in Table I.
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TABLE I. Electron binding energieén eV) of peak maxima, asymmetry parametgrand peak assignments
for the 355 and 266 nm photoelectron spectra gfiB Averaged experimental peak positiofisxp.) are also

listed.
355 nm 355 nm 266 nm 266 nm

Peak 6=0° 6=90° Bass 6=0° 6=90° Boss Exp. Assignment
c 1.929 1.948 +0.1 1.961 1951  +0.6  1.947 05(II—1'3*)

b 2.769 2768  +1.0 2.772 2778  +14 2772 09(’I1—°II)

a 2.867 2.867 +0.3 2.867 33(A1—-°M)

A 2.926 2926 —04 2.920 2920 —0.4 2923 03(*s~—=°M)

B 2.956 +0.6 2.948 -0.1 2952

C 3.023 3.021 -02 3.011 -0.7 3.018 3}(*>~—=°Mm)

D 3.064 3.063 +0.6 3.062 3.062 +1.5 3.063 0J(*3 —5%7)
E 3.154 3.153 0.0 3.156 3152 -0.1 3154 1}(*3—°Mm)

F 3.234 3236 +1.2 3.239 3239 +0.8 3.237 2}(“37-530)
G 3.255  +0.8 3.255 1333(“s~—=°M)
H 3.299 3299 +0.3 3.295 3291  +1.3 3296 1}(*3—530)
I 3.396 3392 —0.2  3.394 13(*37 1)

J 3.489 3486 +1.2  3.488 123 —5%7)
K 3.523 3526  +1.1 3525 15(*3 —530)
L 3.617 3.617  +0.3  3.617 13(*3~—=°M)

M 3.714 3714  +12 3714 122}(*s —530)
N 3.750 3.750 +1.3 3750 13(*3 —537)
o 3.942 +1.3  3.942 132}(*3"-5%7)
P 4.40 4.42 +05 441

expected to change rapidly for transitions to a single eleceters for peak D at 355 and 266 nm indicates a rather strong
tronic state but can vary for transitions to different electronicdependence of for this transition on the eKE.
states. Most of the remaining strong peaks are attributed to vi-
brational progressions associated with the two electronic
transitions. The extent of these progressions indicates con-
lNl. RESULTS siderable change in the equilibrium geometries upon photo-
A. Photoelectron spectra detachment for both transitions. Although the progressions
overlap, peaks can generally be identified with a particular
electronic transition based on thgrvalue, since vibrational
rogressions are usually characterized by an asymmetry pa-
gameter similar to that of the band origin.
More detailed vibrational assignments can be made on

. the basis of the observed peak spacings and intensities. Ex-
tal letters(A—P). Very weak signal, roughly a factor of 50— gitation of two vibrational modes is observed for the first

100 | intense than the prominent features in Figs. 1 and . . C .
00 less intense than the prominent feature gs. - a electronic transition, which is characterized by near zero or

is observed between 1.7 and 2.9 eV. Selected peaks in this i i ¢ Peaks E. | dL
region of the spectrum are labeled with small letters Q. negative asymmetry parameters. Feaxs &, 1, an are as-

Peak positions, asymmetry parameters, and peak assigﬁi-gned to the first three members of a pronounced vibrational
ments are Iisteé in Table | ’ progression with a fundamental frequency of 1863

_l . .
The first major peak, peak A, characterized by a negative- 60 €M - Peak C is assigned to thve=1 level of a second

asymmetry parameter @ace, = Bosenr= — 0.4, is the most mode, yielding a frequency of 73850 cmi L. Excitation in
intense peak in th#=90° spectra. It is assigned to the ori- two modes is also observed for the second electronic transi-

gin of an electronic transition yielding an adiabatic detachion, characterized by large, positive asymmetry parameters.
ment energyADE) of 2.923+0.008 eV. The ADE is defined Peaks H, K, and N are assigned to excitation of the first three
as the energy difference between the0 levels of the anion  1€vels of a mode with a frequency of 18780 cm *, while

and neutral electronic states, and is equal to the electroPe@k F is assigned to excitation of a single quantum in a
affinity only if both are ground states which, as shown be-Second vibrational mode (14830 cm ). Peaks J, M, and
low, is notthe case here. Peaks B—O are characterized by & may then be attributed to combination bands involving
least two sets of asymmetry parameters, indicating the prehese two modes. However, these peaks are slightly higher in
ence of a second electronic transition with a considerablgnergy and more intense than one would derive from the
different angular distribution. Peak D is the first strong fea-peaks assigned to the fundamentals and overtones. The
ture after A with a very different anisotropy parameterbroad, unstructured band labeled P lies well above peaks
(Bzssnm= + 0.6, Bogenm= + 1.5), so it is assigned as the ori- A—O and is attributed to a third electronic transition.

gin of the second electronic transition, giving an ADE of Extremely weak signal compared to peaks A to P is ob-
3.063+-0.008 eV. The difference in the asymmetry param-served at eBE 2.9 eV. The signal onset in the 355 nm spec-

The 355 and 266 nm photoelectron spectra g B at
0=0° (top spectrum and #=90° (bottom spectrum are
shown in Fig. 1 and 2. The photoelectron signal is plotted a:
a function of eBE(bottom axi$ and eKE (top axig. The
major peaks occur at eBE2.9 eV and are labeled with capi-
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tra, which are background-free with respect to electrons de B'

tached from the instrument surface, lies at 1.74 eV. The ,B< [
background-subtracted 266 nm spectra also reveal an onsB=—N=B'-—B" N, B /N\ N-B-B'-B"
in signal around 1.7 to 2.0 eV, with peak c being the first B B B

large peak in this energy range. The two 355 nm spectr: I I I v
show two sharp features, labeled a and b, slightly below pea (C.) (C,) (C, orD,) (C.)

A. Peak b is also observed in the 266 nm spectra, while pea.

a is engulfed by the large signal from peak A. The Structuré:g. 3. Four structural isomers with stationary points on the lowest poten-
observed between 1.7 and 2.9 eV is similar, but not identicafial energy surfaces of 8l and BN™. Lines between atoms are shown to
in the 266 and 355 nm spectra. This weak signal is attributedid the eye and do not necessarily reflect the bond properties.

to hot bands, i.e., transitions from excited levels of the anion.

The extent and structure of the signal clearly suggests elec-

tronic (in addition to vibrational hot bands, indicating that

even more electronic transitions contribute to the spectra. and frequencies were also determined employing the more
flexible aug-cc-pVTZ basis set. The B3LYP model often

B. Electronic structure calculations yields geometries and frequencies that are in good agreement
with experiment. While calculated adiabatic electron affini-

The e>$pe.”me”ta' photoelectron spectra_ are quite qomﬁes(EAs) are generally within=0.26 eV of the experimental
plex, consisting of overlapped bands that involve muIt|pIeva|ue’ the deviation can be larger than 1% In order to
anion and neutral electronic states. We have therefore carrieéiet a more reliable estimate of the energetics of the

out electronic structure calculations to aid in identifying theg \-/g.N system, particularly the adiabatic detachment en-
electronic states and assigning the observed vibrational Stru‘é’rsgies(ASDEs) we éllso determined minimum geometries and
ture. . ) i _._harmonic frequencies of selected states at the GTHBvel
Electronic structure calculations were carried out Wlthof theory. Harmonic frequencies were determined by double
34 ; ; :
the GAUSSIAN program packageS:** Calculations with o\ merical differentiation. It has been shown that CCBD
GAUSSIAN92 were performed on a Silicon Graphics Octane o cc.pvTZ yields electron affinities for the Gaussian-2

workstation at the University of California in Berkeley. .qjjaction of atoms and molecules with an absolute error of
GAUsslAN94calculations were performed on the Cray J90 SE_ 0.15 e\

cluster at the National Energy Research Scientific Comput-
ing Center (NERSQ at the Lawrence Berkeley National
Laboratory.

The correlation consistent polarized valence basis sets of Anion manifold
Dunning and co-worker®, denoted by cc-p¥Z, wherex
=D (double zetaand T (triple zeta were used. Additional The structure of the N~ anion is unknown. Similar to
diffuse functions are especially important for the descriptionthe previous theoretical study on neutrad\Bby Slanina
of the electronic structure of molecular anions and we thereet al?® we included various one-, two-, and three-
fore predominantly used the augmented correlation consigdimensional arrangements o~ in the survey study. Ge-
tent sets of Kendalet al.*® denoted by aug-cc-pi (x  ometry optimizations involving three-dimensional structures
=D,T). Geometries and harmonic frequencies were deterall converged to planar species. We finally arrived at four
mined using density functional theol¥FT) and coupled structural candidates shown in Fig. 3. The B3LYP and
cluster theory. The DFT calculations were performed usingcCSIO(T) optimized geometries and harmonic frequencies of
the B3LYP (Becke-3-parameter-Lee—Yang—Bakrchange- selected minimum-energy structures are listed in Table II.
correlation functionaf’*® For the coupled cluster calcula- The lowest energy isomer is the lineB~N—B—B spe-
tions we used the CCSD) method®® where CCSIDT) cies (labeled | in Fig. 3,C.., spatial symmetry BsN~ is
stands for the coupled cluster with all single and double subpredicted by both models to have a quart& {) ground
stitutions (CCSD*° augmented with a perturbative estimate state with---(17)*(8¢)%(90)%(27)? electron occupancy;
of connected triple excitations. For all states presented heréhese four molecular orbitals are shown in Fig. 4. The
the T, diagnostic, which is a rough measure of the impor-state is calculated to lie 0.15 elihcluding the zero-point
tance of nondynamical correlation effects, was perforfited. vibrational energy correctiorbelow the lower multiplicity
A sufficiently small T, value (< ~0.02 indicates that the 2II state at the CCSO)/aug-cc-pVTZ level of theory. The
CCSOT) relative energies should be close to the full CI B—N bond lengths in both states are similar, while the B—B
energies. bond is more than 0.1 A longer in tHél state. The seven

In order to characterize the low-lying electronic states,normal vibrations of lineaB—N—B—-B consist of three to-
we first scanned the configurational space at the computdally symmetric stretching modew {—v3) and two doubly
tionally less demanding B3LYP/aug-cc-pVDZ level of degenerate bending modes,{vs). The calculated har-
theory. For each stationary point located, harmonic frequenmonic frequencies for the,; andvs modes of thé'S ~ and
cies were determined analytically. In cases where the vibrathe Il states are similar, while those for the other modes are
tional analysis yielded imaginary frequencies, the imposed20-150 cm® lower in the?I state.
symmetry constraints were relaxed and the calculation re- The next lowest isomer of Bl is the rhombic species
peated at lower symmetry. For selected solutions, geometrids( C,, symmetry. Again, a quartet statéB,) is calculated
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TABLE II. Calculated electronic term energiés, andAE, (in eV), bond lengths (in A), bond anglesr (in deg, harmonic frequencieén cm™3), spin
((S?)) for optimized structures of $I~ employing aug-cc-pVDZAD) and aug-cc-pVTZAT) basis sets. For CCSD) calculations the value of th&,
diagnostic is shown.

Specied Method AESL  AE, Ien 'ng! Igrgr Harmonic frequencies (SB (T
I (C.y) 4%~ B3LYP/AT 0.000 0.000 1.319 1.324 1.544 1832, 1382,(696 436, 157(w) 375  ---
CCSDOT)/AT® 0.000 0.000 1.332 1.332 1.560 1772, 1330, 16pb 422, 123(m) 3.76 0.025
’I1 B3LYP/AT 0.153 0.115 1.331 1.310 1.672 1837, 1267, 656 276, 136(m) 0.75  ---
CCSDOT)/AT® 0.188 0.151 1.343 1.320 1.690 1770, 1211, 62b 258, 117(m) 0.76 0.021
'nB §=1:0 B aBNB

I1(Cy)  “B; B3LYP/AT 0593 0589 1.404 1643 1671 73.0 1320, 1018, 853 ( 855, 582 b,) 499 (b)) 3.77 ---
CCSDT)/AT® 0505 0502 1419 1664 1.688 72.0 1251, 984, &) ( 807, 562b,) 479 (b,) 3.85 0.033
2B, B3LYP/AD 0845 0.759 1411 1761 2.649139.8 1048, 522, 441a;) 968,518 p,) 297 (b;) 0.77 -

N I'ne apng’
(Cy) %A, B3LYP/AD  1.839 1.780 1.362 1.506 148.6 1351, 1137, 787 ( 574, 138 b,) 307 (b;) 3.76
rng I'sg’ Igrgr
IV (C.,) 45~ B3LYP/AD 0.993 0.978 1.286 1.588 1.543 1787, 1334, 64B 422, 176(m) 3.79
°[1 B3LYP/AD 1.531 1.472 1.285 1.582 1.668 1822, 1172, 581 248, 76(m) 0.76

aSee Fig. 1.

PE ,(B3LYP/AD)=—129.209 088 a.UEo(B3LYP/AT)=—129.237 038 a.UE,,(CCSD(T)/AT)=—128.917 719 a.u.
‘CCSDT) harmonic frequencies were calculated at the COS/AD level of theory.

drg=1.645A.

below the lowest doublet statéR,). The geometries and 2. Neutral manifold
bond properties of these two species are very different. In the
4B, state, the symmetry-equivalent B atoms are separated by Previous electronic structure calculations by Slanina
only 1.67 A and the structure resembles an equilateral BBESt 8l2>?°on neutral BN predict a' ™ ground state with a
triangle with an N atom attached to one of the sides of thdinear B—-N—B—Barrangement. These authors also found an
triangle. In contrast, théB, state is characterized by larger energetically low-lying triangulab g, structure {A;) that,
distance between the equivalent B atomgs 2.65A), but ~ at the G1 level of theory, was only 0.53 eV above the"
the distance between the N atom and the symmetry-unique sfate. A3% ™ excited state of lineaB—N—B—B wascalcu-
atom (ryg) is only 1.65 A. Energetically higher-lying iso- lated 3.2 eV above th& * state at the QCISD/6-31Gevel
mers include a planar isomer with the B atoms arranged triof theory. Other BN arrangements were studied, including
angularly around the center N atofapecies I} and the linear N-B—B-B and aC,, structure composed of a BBB
linear N—B—B—B arrangement(species IV. Converged triangle with the N atom attached from the outside to one of
structures involving a BBB triangle with an N atom attachedthe corners of the triangle.
to one of the corners of the triangle were calculated to lie  Our results on the B3LYP and CC$D optimized ge-
more than 1.75 eV above tH& ~ state. ometries and harmonic frequencies for selected minimum-
energy structures are listed in Table IIl. The two theoretical
models yield contradictory predictions for the lowest energy
isomer of BN. B3LYP predicts &A; ground state with a
: rhombic C,, structure(ll in Fig. 3). CCSOT), which pre-
2n *—9_8—6 00§ —— dicts relative energies with similar accuracy as G1 theory,
finds the closed-shells " state to be the lowest-lying elec-
tronic state, with théA, state lying 0.09 eV higher in energy

9¢ '—O—«»—‘ 4 (including zero-point energy Due to the small separation
between these two states the ground state of neutsl B
8c 0—0—@—‘ 4 cannot be unambiguously predicted by either of the two

models. This®A; state was not considered in the previous
I » g% 8 * 6 i -1#-1& theoretical studies.

The 3% state is characterized by a
+(1m)*(80)%(90)? valence orbital occupancy. Several
B—N-B—B 12+ low-lying excited states of lined8B—N—B—B have also been
characterized for the first time. The lowest excited state is

FIG. 4. Highest occupied and lowest unoccupied molecular orhité@s) : . 4 2 1 1 _
of the linear B-N—-B—HBsomer of BN plotted usingvoprLoT (Ref. 45. The predicted to be art state[- (1) "(80)*(90) (2m)7], ly

MOs were determined at HF/6-31G level of theory for #" state, for INd 0.3—0.6 eV above the12+ state. A' >3 §tate
which the MO occupancy is shown. [---(1m)*(80)Y(90)*(27)?] is found only slightly higher

Downloaded 03 Mar 2003 to 128.32.220.150. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



10496  J. Chem. Phys., Vol. 111, No. 23, 15 December 1999 Asmis, Taylor, and Neumark

TABLE Ill. Calculated electronic term energiésE, andAE, (in eV), bond lengths (in A), bond angles (in deg, harmonic frequencieg§n cm™?), spin
((S?)) for optimized structures of  employing aug-cc-pVDZAD), cc-pVTZ (VT), and aug-cc-pVTZAT) basis sets. For CCSD) calculations the value
of the T, diagnostic is shown.

Specied Method AES AE,  rey T feer w (H T

I(C.,) S* BS3LYP/AT  0.000 0.000 1378 1.265 1.781 1978, 1136, 680 203, 84(m) 0.00 -
CCsSOT)IVT 0.000 0.000 1.394 1.275 1.789 1949, 1114, %85 237, 88(m) 0.00 0.019

811 B3LYP/AT 0.253 0.289 1.368 1.275 1.602 1925, 1212, &0 377, 102(m) 200 -
CCsSOT)IVT 0.568 1.387 1.281 1.619 ¢ 2.01 0.024

53~ B3LYP/AT 0.264 0.339 1.264 1.350 1.520 1892, 1506, 8&0 431, 196(m) 6.02 .-
CCSI}T)A/TUI 0.703 0.764 1.270 1.366 1.530 1887, 1471, 8% 403, 172(m) 6.09 0.027

I'ng =1 §=1:] agpNB

I1(Cy) 3A; B3LYP/AT —0.295 —0235 1.381 1.661 1.731 77.6 1408, 1007, 786)( 1090, 624 b,) 326 (b;) 2.02 ---
ccsDTVTY  0.034 0.085 1.396 1.678 1.744 77.3 1367, 982, 79 ( 1041, 601 b,) 320 (b;) 2.16 0.038
1A,  BSLYP/AT 0316 0.326 1.339 1.890 1.910 91.0 1426, 633, 349 ( 1373, 359 b,) 280 (b,) 0.00 ---

e I'ng QBNB’
I (Cy) °B, B3LYP/AD 0.780 0.783 1.423 1.444 145.6 1393, 1038, 7&0 ( 863, 80 p,) 181 (b,) 2.01
"'nB
Il (Dg) A, B3LYP/AD 0797 0.775 1.453 871 (a}) 300 (@}) 1063, 309 ¢&') 0.00
I'nB Ig’ Igrgr
IV (C..,) °I B3LYP/AD 1.932 1.961 1.293 1.545 1.587 1861, 1267, 66% 354, 122(m) 2.04
S B3LYP/AD 2.066 2.096 1.327 1.618 1.538 1660, 1349, 627 398, 163(m) 6.02
3+ B3LYP/AD 2.288 2.265 1.284 1.546 1.799 1928, 1089, 630 119, 55(m) 0.00

#See Fig. 1.

PE,(B3LYP/AD)=—129.111 431 a.UE,o(B3LYP/AT)=—129.137 714 a.uE,,(CCSDT)/VT)=—128.826 016 a.u.
°No convergence.

dccsOT) harmonic frequencies were calculated at the CASIYD level of theory.

in energy. The bond distances and harmonic bending fresimilar results for these transitions, i.e., they predict them to
guencies are considerably different for these three states bk around~2.9 and~3.0 eV, respectively. One-electron de-
linearB—-N—B—B.This is a result of the different number of tachment from théIl excited state, on the other hand, can-
electrons occupying ther2orbitals, which are characterized not access thes, ~ state, but only thé3 * and®II states of
by a bonding interaction for the terminal bonds and an antilinear B-N-B—B. Themodels disagree on the location of
bonding interacting for the center borisee Fig. 4 Thus, the 2[1—3*+e~ transition CCSDT) predicts ADE
rg.g» decreases and the, frequency increases with the =2.14eV, while the B3LYP model calculates this transition
number of electrons occupying therarbitals. 0.39 eV higher in energy. Both models agree on the

In the rhombic geometry, A, state is found to lie —°3[I+e~ transition, which is calculated to lie around 2.75
above the’A; state. Triangular arrangements of\Bwith a  eV. We also calculated the lowest cyclic-to-cyclic and linear-
central N atom(species Il in Fig. 3are calculated 0.78 eV to-cyclic transitions. Theé'B;—3A;+e~ transition is pre-
above the'Y, " state. We find two close-lying states for this dicted to occur around 1.82 eV, well below the linear-to-
isomer, a closed shell g, structure tA]), and an open shell linear transitions discussed above. THE ™ —3A;+e”
C,, structure ¢B,). Various states of the lineé—B—B—B transition is calculated in the vicinity of thidl—3*+e~
isomer are found considerably higher in energy. The preseritansition.
results for the BN/B3N™ system are similar to those for the
carbon clusters £andC, . While C, is clearly linear, cy- V. ANALYSIS AND DISCUSSION
clic and linear structures are predicted to lie close in energy

for the neutral specied. The major bands in the photoelectron spectra can now be

assigned by comparison with the ADEs and vibrational fre-
quencies of the electronic structure calculations. The two
electronic transitions with origins at 2.923 dpeak A and
ADEs for the various photodetachment transitions calcu3.063 eV(peak D lie very close to the calculated ADEs at
lated at the B3LYP and CCSD) levels of theory are shown the CCSOT) level of theory of 2.90 and 3.04 eV for the
in Table IV. The MO from which the electron is detached is B—N—B—B linear-to-linear*s ™ —3I1+e~ and*S ™ —53~
also listed. Both theoretical models predict the same ordering-e~ transitions, respectively. Moreover, the observed fun-
of the four calculated linear—lined8—N—B—B transitions. damental frequencies of the lower energy band, 1863 and
From the*S~ anion ground state, only the electronically 758 cm?, are close to the calculatad, and v, harmonic
excited statesIT and®3 ~ of linear B-N—B—-B can be ac- frequencies of 1925 and 750 ¢ respectively, for thell
cessed via one-electron photodetachment. Both models gi\state. In the higher energy band, the observed frequencies of

3. Adiabatic detachment energies

Downloaded 03 Mar 2003 to 128.32.220.150. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 111, No. 23, 15 December 1999 Anion photoelectron spectroscopy of BN~ 10497

TABLE IV. Calculated adiabatic detachment energies ABEd ADE, (in eV) for selected transitions of the
B;N /B3N system. The symmetry of the molecular orbit®1O) from which the electron is detached is also

listed.
B3LYP? ccsoTP
Species Transition MO ADE, ADE(’ ADE, ADE°
1—l ISt +e” T 2.550 2.530 2.145 2.141
I3l +e— o 2.803 2.819 2.710
3 L3I+ e - 2.956 2.934 2.898
437555 +e o 2.967 2.984 3.041 3.062
=l ‘B, —3A+e” b, 1.815 1.822
1l 43T 3A e w 2.408 2.411
i ‘p,—°Byte by 1.59¢ 1.602
IV —IV 438 +e” T 3.597 3.583

®Energies and harmonic frequencies determined at the B3LYP/aug-cc-pVTZ(¢eeeTables Il and 1)
PEnergies determined at the CC8Vaug-cc-pVTZ level of theory. Harmonic frequencies are taken from
Tables Il and IlI.

“Adiabatic detachment energy including zero-point correction.

YEnergies and harmonic frequencies determined at the B3LYP/aug-cc-pVDZ level.

1879 and 1403 cmt match the calculated values of lytically assuming harmonic potentials. The eigenfunctions
1887 cm (v,) and 1471 cm? (v,) for the®S ~ state. The were used to determine the FC factors by numerical integra-
high v, frequency is characteristic of a lineagM species, tion. The resultant stick spectra were convoluted with the
eitherB—N-B—-B or N-B—B-B,while all two-dimensional experimental resolution function. We then optimized se-
structures are predicted to have no vibrational frequencietected simulation parameters, including the harmonic fre-
above 1450 cm®. We therefore assign the two bands to thequencies of the neutral species, the change in equilibrium
aforementioned—N—-B-B transitions. Assignment of these normal coordinategbetween the anion and the neutrand
bands to transitions betwe®&hi-B—B—-B structures is far less the mean ion vibrational temperature, in order to achieve the
satisfactory: thé'S ~ N—B—B—-B structure for BN~ is cal-  best agreement with the four experimental spectra. The
culated to lie 0.98 eV above tH& ~ B-N-B-Bstructure, B3LYP/aug-cc-pVTZ and the optimized simulation param-

the calculated ADEs for the transitions to thld and®3 ~ eters are listed in Table V. The optimized mean ion vibra-
states are far from the experimental values, and the vibraional temperature was 200 K.
tional frequencies do not match as well. The optimized simulations of the main bands are shown

In order to support our assignments, spectral simulationtogether with the experimental spectra in Fig. 5 and 6. These
were performed within the Franck—Condon approximation.simulated photoelectron spectra are in reasonable agreement
Based on the B3LYP/aug-cc-pVTZ force constants for thewith the experimental spectra. The overall structure of the
initial state of the anion and the final state of the neutral, weaxperimental spectra is well reproduced with relatively mi-
determined the change in normal coordinates between theor changes required for the parameters derived from the
equilibrium structures of various states ofNB* and BN electronic structure calculations. The largest deviation be-
within the parallel mode approximation. Simulated spectraween the DFT and optimized parameters is found fonthe
were then generated employing the B3LYP/aug-cc-pVTZmode of the®S ™~ state, for which the DFT harmonic fre-
harmonic frequencies and equilibrium normal coordinatequencyw, is too high by 81 cm! and the change in equi-
changes. Transition origins were taken from experiment antibrium normal coordinaté Q, is underestimated by a factor
only totally-symmetric modes were included in the simula-of 3.5. For the*S ™ —°3 ™+ e~ band, the optimized normal
tion. Eigenvalues and eigenfunctions were determined anaoordinate displaceme®Q5; was 10% even though no ob-

TABLE V. Calculated(Calc) and optimized(Exp.) simulation parameters for the simulated photoelectron
spectra of BN™. Calculated harmonic frequencies (in cm 1) and equilibrium normal coordinate changes
|AQj| (in percent relative t®); of the anion were determined at the B3LYP/aug-cc-pVTZ level of thesge

text).
Transition wnon oA Q)

3% +e” Calc. 1832, 1383, 796 192859%), 1212(1%) 75013%)
Exp. 1875(17%), 1225(3%), 775(13%)

4T e Calc. 1832, 1383, 796 18923%), 1506(4%), 810(8%)
EXxp. 1875(18%), 1425(14%), 750(10%)

[T 15* 4o Calc. 1837, 1267, 656  197@5%), 1136(1%), 580(26%)
Exp.

213 +e" Calc. 1837, 1267, 656  1925%), 1212(129%), 750(22%
Exp. 775
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Electron Binding Energy (eV) Electron Binding Energy (eV)

FIG. 5. Experimenta(top) and simulatedbotton) 355 and 266 nm photo- FIG. 7. Experimentaltop) and simulatedbottom 355 and 266 nm photo-
electron spectra a2=90° of B;N™ in the eBE region above 2.85 eV. Two electron spectra of 8~ in the eBE region below 2.9 eV. Two electronic
electronic transitions’>, " —S3[I+e~ and*s ~—53~ +e~ were included in  transitions?I1—3*+e~ and?l1—°I1+e", were included in the simula-
the simulationsee Table V for optimized simulation paramejeite black tion (see Table V for optimized simulation parame}eiBhe black shaded
shaded area represents the contribution from*#he—>IT+e~ transition. area represents the contribution from #ié—3*+e" transition.

Peaks assignments are shown for the —3I1+e~ transition.

tally symmetric lower frequency modes that were excluded

vious progression in the mode appears in the spectrum. THEOM the simulations. _

reason for this can be seen in Fig. 6, which shows that}he 3 ~ The signal below eBE2.9eV is very weak but none-
transition of the’S ~—53 ~+e~ band overlaps thelitran-  theless real. In Fig. 7 we attempt to simulate this signal as-
sition of the?S, ~—3[T+e~ band. While nearly all peak po- Suming it originates from photodetachment of the electroni-
sitions are accurately reproduced, the simulati#f tombi-  cally excited but low-lyingIT state of the anioB-N-B-B
nation bands f=1,2) for the S~ —5%3~+e~ band (the structure. SinceAE,=0.15eV for this state at the CCED
major components of peaks J and Mccur at too low an level of theory, it is reasonable to expect nonzero population
eBE. Several smaller features, including peak B and some d our ion beam. _ _

the structure observed to the blue of peak E, do not appear in  The spectrum in this range was simulated assuming pho-

the simulations. These may involve excitation of the nontotodetachment of théll state. This yields transitions to the
neutral 13" ground state andIl excited state with band

origins at 1.947#0.025eV (peak ¢ and 2.772-0.010eV
(peak b, respectively. These lie close to the calculated ADEs
355 nm 266 nm at the CCSIIT)/aug-cc-pVTZ level of theory for théll

o=0° 6=0 —13*+e” and?ll—3[l+e" transitions of 2.14 and 2.71
eV, respectively(Table V). Calculated frequencies and nor-
mal coordinate displacements were used as indicated in
Table V.

The agreement between simulation and experiment is
ANASER IR A AN YA T Ve T AL clearly much worse than in F_igs. 5 and 6, pz_irticularly a_lt 355
02 0 , Simulation nm. We a_ttnbute much of this to the poor S|gn_al—to-n0|se in
1 the experimental spectra. Nonetheless, there is enough simi-
larity between the experimental and simulated spectra at 266
nm to support the assignment of peak c to the—3"
+e~ origin and peak b to the origin of thedl—>3I1+e"
transition. Although peaks b and c at first glance appear to be
vibrational hot bands of the intend& ~—3I1+e" transi-

30 32 30 32 a4 36 38 tion, they are assigned as the origin arjgt@nsitions of the
Electron Binding Energy (eV) ’[1—-3[1+e" band for three reasoné) The 355 and 266
nm asymmetry parameters of peak b do not reflect the angu-
FIG. 6. Experimentaltop) and simulatedbottom) 355 and 266 nm photo-  lar behavior of the origin of thé> ~ —3[1+e transition.
e:ecimnlsliec"?;_a&;g_ Ofs?[?"i_ in thgé‘%E f%gi_oﬂ above 2_-85| e(;/-dT_WO Large positive asymmetry parametemse expected for the
teh(e;csgl?nrzjllt;tirgrrglegr':'e;ble V for OStin?irz]ed simulation gar\;vr?wgérﬁl';g belacIIT 2HH3H+ e_i transition, as_the ele_Ctror_] IS remqved fro_m the
shaded area represents the contribution from*lie—3I1+e~ transiton. ~ Samec orbital as for the'>~—°3 " +e” transition, which
Peaks assignments are shown for the —5%3 ~+e™ transition. is characterized by large positive asymmetry parametiéys.

Electron Intensity (arb. units)
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y present study, namely 0.15 eV for the term energy ofifie
F state and 2.29 eV for the EA.

Energy
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